BACKGROUND & AIMS-A high-fat diet (HFD) can cause serious health problems, including alteration of gastrointestinal transit, the exact mechanism of which is not clear. Several microRNAs (miRNAs) are involved in energy homeostasis, lipid metabolism, and HFD-induced weight gain. We investigated the role of miRNAs in HFD-induced damage to the enteric nervous system.
RESULTS-A HFD delayed intestinal transit, which was associated with increased apoptosis and loss of neurons from colonic myenteric neurons. Mice fed a low-palmitate HFD did not develop a similar phenotype. Palmitate caused apoptosis of enteric neuronal cells associated with mitochondrial dysfunction and endoplasmic reticulum stress. Palmitate significantly increased the expression of Mir375 in vitro; transfection of cells with a Mir375 inhibitor prevented the palmitate-induced enteric neuronal cell apoptosis. Mir375 expression was increased in myenteric ganglia of mice fed HFD, and associated with decreased levels of Mir375 target mRNAs, including Pdk1. Systemic injection of a Mir375 inhibitor for 5 weeks prevented HFD-induced delays in intestinal transit and morphologic changes.
INTRODUCTION
MicroRNAs (miRNAs) are extensively studied for their roles in intracellular mechanisms including differentiation, proliferation and apoptosis in a wide range of eukaryotic organisms. 1, 2 miRNAs are short non-coding RNAs (19-23 nucleotides) , which act by posttranscriptional modulation of protein-coding genes through repressing mRNA translation or promoting their degradation. Each miRNA can affect multiple target genes. This makes them a potential key to understand the pathogenesis of chronic multifactorial diseases such as cardiovascular diseases, diabetes, obesity and cancer. [3] [4] [5] Obesity has been an area of interest for miRNA research. 6, 7 Studies suggest several miRNAs that are involved in energy homeostasis, lipid metabolism, adipogenesis and highfat diet (HFD) induced weight gain. 8, 9 In the broadest sense, obesity is the result of an energy intake exceeding energy expenditure, which is mainly caused by increased consumption of dietary fats. 10 Although there is no clear association between obesity and delayed gastrointestinal (GI) transit, HFD is directly associated with dysmotility syndromes such as altered gastric emptying and constipation. 11 However, most studies focus on the central and hormonal regulations of the GI tract and very few have examined the direct effects of HFD on the neurons of enteric nervous system (ENS). Hyperlipidemia has been shown to damage neurons in central nervous system by activating apoptotic pathways and disrupting normal cell proliferation. 12 HFD upregulates apoptotic genes in hypothalamic neurons as early as 3 days after starting the diet. 12 In this scenario, the saturated FFA palmitate is considered the major toxic compound. Palmitate can induce endoplasmic reticulum (ER) stress and apoptosis in various cell types by affecting calcium homeostasis and triggering the production of free radicals. 13 Furthermore, FFAs can differentially regulate gene expression and activate different intracellular pathways. 14 The role of intracellular accumulation of long chain FFAs in the pathogenesis of several disorders such as diabetes and cardiomyopathy has been reported previously, and recent studies suggest involvement of miRNAs. 15, 16 Studies on β-cells suggest that at least part of the detrimental effects of palmitate is mediated by alterations in the level of miRNAs, such as Mir375. 15, 16 miRNAs also affect neuronal cell survival in pathologic conditions such as neurodegenerative diseases (i.e. Mir433 in Parkinson's disease and Mir9 in Huntington's disease). 17 Therefore, studying the role of miRNAs will help us to understand the mechanisms of HFD-induced enteric neuronal cell damage and the pathophysiology of HFD-induced GI dysmotility in human. In this study, our aim was to investigate the direct toxic effects of palmitate on enteric neurons and understand the role of miRNAs in the HFDinduced damage to ENS.
We report that the saturated FFA palmitate modulates miRNAs expression in the enteric neurons, which is associated with apoptosis and organelle damage. Additionally, we provide in vivo evidence on the role of miRNA in GI transit and ENS neuronal survival.
MATERIALS AND METHODS

Animal protocol for high-fat diet experiment
In vivo experiments were performed using CF1 or C57BL/6 male mice. The Institutional Animal Care and Use Committee at Emory University approved animal handling and procedures. Eight-week-old male mice (Jackson Laboratory, Bar Harbor, ME) were put on HFD (60% calories from fat, TD.06414) or regular diet (RD, 18% calories from fat; TD. 2018) for 11 weeks (5 mice per group). HFD and RD were purchased from Harlan Laboratories Inc. (Madison, WI). HFD consists of 8.0% Palmitate vs. 0.7% in RD (Supplementary Table 1 ). To examine the role of palmitate in the HFD induced transit changes we conducted a separate experiment for 6 weeks with three groups (n=4): lowpalmitate-HFD (LP-HFD, Harlan Laboratories, Supplementary Table 1 ), HFD and RD. In addition twenty week old ob/ob and wild type male mice (n=4) were used as a genetic obesity model to evaluate motility and compare it to HFD induced motility changes.
Animal protocol for miRNA mimic injection experiment
Nine-week-old CF1 male mice were randomized into treatment and control groups (6 each) and were injected intraperitoneally twice with chemically synthesized Mir375 mirVana™ miRNA mimic and its negative control (Ambion) with 3 days interval. In vivo-jetPEI® was purchased from Polyplus-transfection (Illkirch, France). In vivo-jetPEI®/miRNA complexes were prepared according to the manufacturer's protocol.
Animal protocol for miRNA inhibitor injection experiment
Eight-week old CF1 male mice were used in 5 groups: HFD or RD fed mice, receiving intraperitoneal injection of Locked-Nucleic Acid (LNA) modified Mir375 inhibitor (Custom miRCURY™ LNA Inhibitor probe, in-vivo, Exiqon) or its negative control, the fifth group received HFD and vehicle injection (Saline). The animals were dosed for three consecutive days, receiving daily doses of 7.5 mg/kg, and then a weekly maintenance injection for four additional weeks.
Primary enteric neurons and IM-PEN cell line culture
The immorto postnatal enteric neuronal (IM-PEN) cell line was established and characterized as described previously. 18 For primary cell culture, p75-expressing cells were isolated from E14.5 rat embryos as previously described. 19 In another method, the gut was isolated from embryos, diced and lysed by 0.125% Trypsin, and layered on newborn calf serum and centrifuged at 350G for 8 min at room temperature. Cells were then seeded on gelatin coated plates with DMEM:F12 medium, which was changed to modified N2 medium after 24 hours. Palmitate (Sigma Aldrich, St. Louis, MO) was used in 0.1-1 mM concentrations. This range is within the physiologically elevated limits observed in humans and animals, which can induce insulin resistance and hyperlipidemia related complications. 20 Palmitate was dissolved in isopropanol to obtain a concentration of 100 mM. The required volume of the stock was added to the medium. The concentration of the vehicle, isopropanol, was less than 1% in the final culture media.
Mir375 inhibitor transfection
Mir375 inhibitor (AntimiR375) and negative control miRNA inhibitors were obtained commercially (Life technologies, USA). Lipofectamine 2000 transfection reagent was used to transfect cells according to the manufacturer's protocol. Apoptosis rate was measured as described 24 hours after adding palmitate in cells treated with Mir375 inhibitor or negative control.
Statistical analysis
Results were analyzed using the 2-tailed Student's t test or Mann-Whitney test. One-way analysis of variance (ANOVA) was used for more than two groups followed by the Tukey's Post Hoc test. Data was analyzed using the SigmaPlot 11.0. P value ≤ 0.05 was considered statistically significant. Data is expressed as mean ± SEM.
All additional methods are included in the Supplementary Methods section.
RESULTS
High-fat diet causes delayed intestinal transit
After 11 weeks, the HFD group gained significantly more weight compared with RD group ( Figure 1A ). This was associated with a significant increase in serum cholesterol, triglyceride, LDL, and HDL in HFD compared with RD ( Figure 1B ). Mice fed aHFD had lower pellet frequency (P<0.01), stool wet weight (P<0.01), dry weight (P<0.05), water content (P<0.001) and water percentage (P<0.001) compared with RD group, mimicking a constipation phenotype ( Figure 1C ). Mice on HFD also had a significantly smaller pellet size compared to RD (0.39 ± 0.01 vs. 0.53 ± 0.01 mm, P< 0.001). Food consumption normalized for body weight was not significantly different between HFD and RD. Total intestinal transit time measured by Evans blue gavage was greater in the HFD group indicating significantly slower transit in HFD treated mice compared with the RD (P<0.01, Figure 1D ). Finally, bead latency test was longer in the HFD group indicating that HFD caused slower colonic propulsion in mice compared with RD (P<0.05, Figure 1E ).
To tease out the effect of high-fat diet vs. obesity on intestinal transit, we measured stool indices and transit time in genetically obese mice, the ob/ob mice. These mice did not exhibit the delayed intestinal transit. The stool frequency, total wet weight and percentage water content in the ob/ob mice were similar or increased compared to the wild type mice ( Figure 1C ). The total intestinal transit time by Evans blue gavage was similar in ob/ob mice compared to the wild type mice fed a RD (Supplementary Figure 1A) .
Palmitate contributes to High-fat diet induced delayed intestinal transit
Mice fed the low-palmitate high-fat diet (LP-HFD) for six weeks did not develop similar delayed transit phenotype as observed in the HFD. LP-HFD mice had significantly higher pellet frequency, total wet weight and water content, compared to the HFD (Supplementary Figure 2A ). In addition, Evans blue transit time and determination of the GC showed a significantly faster intestinal transit in LP-HFD mice compared with the HFD (Supplementary Figure 2B -C).
High-fat diet decreases the number of neurons in proximal colonic myenteric plexus by inducing apoptosis
Whole mount IF staining of proximal colon showed a significant reduction in the total number of neurons (Peripherin) in HFD group, which was associated with a significant reduction in the number of nitrergic neurons (nNOS) and cholinergic neurons (ChAT) in the HFD compared with the RD group (Figure 2A and 2B ). Furthermore, Western blot analysis of the proximal colon tissue lysates showed a significant decrease in the protein level of nNOS in HFD samples compared with RD ( Figure 2C ). The observed decrease in enteric neurons was associated with a significant increase in neuronal cell apoptosis in the myenteric ganglia of HFD group compared with RD group (Figure 2D -E). In ob/ob mice, the number of nitrergic neurons was not significantly different from that in wild type mice. (Supplementary Figure 1B) . Further, the LP-HFD mice did not show reduction in the number of nitrergic neurons compared with RD fed mice (Supplementary Figure 2D ).
Palmitate induces cytoplasmic lipid accumulation and apoptosis in enteric neurons in vitro
Neurons do not store lipids under physiologic conditions, and cytoplasmic accumulation of lipids is mainly observed in neurodegenerative disorders, which is accompanied by significant cytotoxicity. 21 Our results of Oil red O staining in enteric neurons showed a dose-dependent cytoplasmic accumulation of lipid droplets after palmitate exposure (P<0.01, Figure 3A -B). Cell viability measured by MTS assay showed a dose-dependent decrease in the enteric neuronal cell viability after 24 hours of palmitate exposure ( Figure  3C ). This effect was associated with a significant and dose-dependent increase in the Cleaved caspase-3 protein level in IM-PEN cell line and primary cell culture ( Figure 3D -E).
Palmitate causes mitochondrial and ER dysfunction in enteric neurons
To understand the mechanisms of palmitate-induced enteric neuronal cell apoptosis, we measured indices of ER and mitochondrial function in enteric neuronal cells. Palmitate significantly increased levels of CHOP protein (an index of PERK pathway activation in ER stress) in enteric neurons ( Figure 4A ). Electron microscopic (EM) study of primary enteric neurons confirmed morphological changes consistent with ER stress ( Figure 4A ). Palmitate exposure resulted in a significant ER swelling (more than four folds increase in size) and decrease in the number of ER (P<0.01). We then studied mitochondrial function in enteric neuronal cells and observed that palmitate significantly increases mitochondrial superoxide dismutase (SOD) (using MitoSOX kit, Invitrogen) as depicted in figure 4B . Palmitate also caused a significant decrease in the mtDNA-encoded protein COX IV, a marker of mitochondrial mass ( Figure 4B ). This observation was further confirmed by ultra-structural study showing a dose-dependent decrease in the number of mitochondria ( Figure 4C ) accompanied by a significant mitochondrial swelling. These results suggest that severe organelle damage including mitochondrial oxidative stress and swelling and ER stress are possible underlying mechanisms leading to palmitate-induced neuronal cell death.
Palmitate stimulates the autophagy pathway in enteric neurons as a protective mechanism
Autophagy is a cellular catabolic mechanism to degrade its dysfunctional and unwanted components. As shown in figure 4D enteric neurons treated with palmitate for 24 hours showed a strong dose-dependent increase in the expression of LC3B. Autophagic flux was determined by pretreatment with the lysosomal inhibitor chloroquine. As shown in figure  4E , autophagic flux is induced in response to palmitate. To study whether the autophagy is a protective cellular mechanism, we used rapamycin, a macrolide antibiotic and autophagy inducer by inhibiting mammalian target of rapamycin (mTOR). Treatment with 0.1 nM rapamycin for 2 hours before adding palmitate prevented the palmitate induced mitochondrial SOD increase ( Figure 4F ). These results demonstrate that autophagy induction can protect enteric neurons against the detrimental effects of palmitate.
Palmitate increases the level of miRNAs involved in cell death
To investigate the mechanisms of palmitate induced enteric neuronal cell damage we studied the role of Mir375, Mir146a and Mir34a. 16, 22 Palmitate caused a significant increase in the expression of these miRNAs amongst which Mir375 showed the most robust increase ( Figure 5A ). Next, we investigated the expression of Mir375 and four of its target mRNAs (14-3-3ζ, Pdk1, Elavl4 and Mtpn) in the myenteric ganglia isolated by LCM. Mir375 expression was significantly increased in enteric ganglia captured from HFD fed mice but not in those from RD ( Figure 5B ). Expressions of all four Mir375 target mRNAs were significantly decreased in the ganglia of HFD compared with RD mice ( Figure 5B ). Furthermore, unlike HFD, ob/ob mice showed no increase in the level of Mir375 in their myenteric ganglia (Supplementary Figure 1C) . Next, by Western blot analysis we observed a significant decrease in Pdk1 protein in homogenates from HFD colon ( Figure 5C ), which could contribute to the observed neuronal cell apoptosis. A similar decrease in Pdk1 protein was also observed in enteric neuronal cells treated with palmitate ( Figure 5D ).
To further investigate the role of Mir375 we transfected enteric neuronal cells with a Mir375 specific inhibitor or its negative control for 24 hours followed by palmitate treatment (0.5 mM) for 24 hours. Western blot analysis for Cleaved Caspase-3 showed a significant reduction in palmitate-induced apoptosis when the Mir375 is inhibited compared with negative control miRNA inhibitor ( Figure 5E ).
Systemic injection of Mir375 induces apoptosis in enteric neurons and slows GI transit
To test the hypothesis of Mir375 involvement in the detrimental effects of HFD on GI transit, we administered intraperitoneal exogenous Mir375. As shown in figure 6A , Mir375 injected mice showed a significantly lower stool wet weight (P<0.01), dry weight (P<0.01), and pellet frequency (P<0.01). Daily food intake per mouse was not different between groups (data not shown). Total intestinal transit measurement by Evans blue gavage also showed significantly slower transit in Mir375 injected mice compared with negative control (P< 0.05, Figure 6B ). Determination of the GC showed a significantly slower intestinal transit in Mir375-injected mice compared with the negative control miRNA (P<0.01) and segmental distribution of the FITC-dextran confirmed that the distance traversed by the marker for the Mir375 was significantly shorter ( Figure 6C ). Whole mount staining showed a decrease in the number of nitrergic and cholinergic neurons in the proximal portion of colon in Mir375 injected mice compared with negative control group ( Figure 7D ). Using Cleaved caspase-3 and peripherin staining we observed a significant increase in apoptosis in the myenteric neurons in Mir375 injected group compared with the negative control group ( Figure 7E ). These data confirm the detrimental effect of Mir375 on enteric neuronal cell survival in the myenteric ganglia, which can contribute to the delayed intestinal transit.
Systemic injection of Mir375 inhibitor prevents HFD-induced changes in intestinal transit and enteric neurons
To test the hypothesis that Mir375 modulates HFD-induced delayed transit time and enteric neuronal apoptosis, we examined the effect of systemic administration of LNA modified Mir375 inhibitor or its negative control in the mice fed a HFD or RD for five weeks. Inhibition of Mir375 resulted in prevention of delayed intestinal motility as seen by an increase in stool pellet frequency (P<0.05) and dry weight (P<0.05) compared to HFD mice treated with the negative control ( Figure 7A ). HFD mice treated with Mir375 inhibitor had significantly faster total intestinal transit measured by Evans blue gavage compared to mice treated with negative control (P< 0.05, Figure 7B ). Determination of the GC showed faster intestinal transit in Mir375 inhibitor injected mice compared with the negative control, which was differentially faster in the distal part of the small intestine. FITC-dextran intestinal distribution showed that in HFD fed mice intestinal transit was faster in Mir375 injected mice compared to negative controls ( Figure 7C ). Finally whole mount staining confirmed a significant decrease in the number of nitrergic neurons in the proximal colon of the HFD fed mice, which was prevented in the Mir375 inhibitor treated HFD fed mice ( Figure 7D ).
DISCUSSION
In the present study, we investigated the mechanisms of enteric neuronal cell damage caused by HFD and excess FFAs. We showed that HFD-induced loss of enteric neurons could contribute to delayed intestinal transit. Furthermore, palmitate decreased enteric neuronal cell viability through mitochondrial damage and ER stress. Finally, we suggested the role of Mir375 in mediating the detrimental effects of HFD by downregulating the pro-survival protein Pdk1 translation.
The available literature regarding the chronic effects of HFD on the ENS and neuromuscular function is relatively sparse and sometimes controversial. 23 Acute exposure to HFD or hyperglycemia slows gastric emptying and GI tract motility through modulation of GI hormones (including CCK, GLP-1, PYY, and ghrelin) but not much is known about the pathophysiology of chronic HFD and its intracellular mechanisms. [24] [25] [26] Our aim was to investigate the possible direct role of HFD on the ENS in the small intestine and colon. To our knowledge this is the first study to investigate the role of microRNAs in the HFD induced GI motility disorders. miRNAs are present in human peripheral blood and unlike mRNAs, are remarkably stable and resistant to RNase activity. This makes them suitable candidates for therapeutic purposes.
Promising results in preclinical studies have led to miRNA-directed therapies in human. Currently more than 100 ongoing trials incorporating miRNAs are under way. 3, 27 The role of miRNAs in palmitate-induced cell damage has been described in several tissues such as hepatocytes and pancreatic islet cells. 15 Mir375, in particular, is studied in palmitate mediated lipoapoptosis and suppression of several types of cancers including esophageal, gastric and head and neck via apoptotic pathways. 28, 29 High-fat diets rich in saturated FFA such as palmitate increase oxidative stress in various tissues such as brain and gastric and intestinal mucosa. 30, 31 Mitochondria as the major source of ROS are susceptible to FFAs accumulation and the ROS-induced lipid peroxidation. 32 It has been suggested that FFAs in beta cells must be metabolized to long chain fatty acyl-CoA to exert toxicity, and this effect can be reduced by activation of fatty acid oxidation in mitochondria. 33 In our study, we observed a significant increase in mitochondrial SOD following palmitate exposure, suggesting a mitochondrial oxidative stress overload. Interestingly, mitochondrial dysfunction is also a major contributor in neurodegeneration in ENS and the GI related symptoms in neurodegenerative disorders. 34 Our results confirmed a significant decrease in the mitochondrial quantity measured by COX IV protein level, as well as ultra-structural changes consistent with mitochondrial dysfunction. Palmitate triggers ER stress by altering the distribution of ER chaperones, leading to accumulation of misfolded proteins. 35 It is suggested that autophagy is activated for cell survival after ER stress occurs. 36 However, if extensive ER stress is sustained, the function of ER cannot be restored, which may leads to apoptosis and removal of the affected cells. 37 Autophagy plays crucial role in eukaryotic cells homeostasis. It acts by forming a double-membrane structure called autophagosome or autophagic vacuole to sequester cytoplasm and unwanted organelles.
Additionally, autophagy is also involved in lipid droplet removal. This can be another mechanism involved in palmitate-induced autophagy activation, as we showed for the first time that enteric neuronal cells accumulate lipid after palmitate treatment. The term "macrolipophagy" was coined to describe the involvement of selective autophagy in the delivery of lipid droplets for lysosomal degradation, suggesting a novel function for autophagy in cellular lipid handling. 38 Therefore, not only ER stress can induce autophagy, but also lipid accumulation itself may contribute to autophagy induction, perhaps as a rescue mechanism. In this study, pretreatment of neuronal cells with the autophagy inducer rapamycin significantly decreases mitochondrial SOD production. This suggests that autophagy may be a protective mechanism in enteric neurons against the palmitate induced oxidative stress and organelle damage.
To investigate the possible mechanisms involved in HFD induced enteric neuronal cell damage, we studied three possible miRNAs and observed a robust increase in the Mir375, which is tightly related to cell survival and differentiation, both with palmitate treatment in vitro and in myenteric ganglia isolated from the proximal colon of HFD fed mice.
Tsukamoto et al. reported that Mir375 promotes apoptosis in gastric carcinoma cell line and decreases cell viability via targeting Pdk1 and 14-3-3ζ mRNAs. Pdk1 plays a central role in many signaling pathways including activation of PI3K/Akt, through which cell proliferation, differentiation and apoptosis are regulated 39 , and our results showed that Mir375 upregulation in HFD directly targets Pdk1 protein expression ( Figure 5C ). Another target downstream to Mir375 is Mtpn, which encodes the myotrophin (V1) protein. 16 Myotrophin promotes dimerization of NF-κB subunits and downregulates NF-κB transcriptional activity. 40 This is consistent with the fact that HFD triggers chronic inflammation in the majority of tissues including neurons, and that palmitate in particular is a potent inducer of inflammation. 41, 42 We observed a significant decrease in Mtpn gene transcription in enteric neurons isolated from colonic myenteric ganglia ( Figure 5B ). To confirm the abovementioned detrimental role of Mir375 on enteric neurons in vitro, we transfected cultured enteric neurons with Mir375 inhibitor before exposing them to palmitate. As expected, cells transfected with Mir375 inhibitor showed significantly less apoptosis in response to palmitate. In order to investigate the role of Mir375 in vivo, we conducted two experiments. We used systemic injection of Mir375 to prove its direct toxic effects on enteric neurons, and confirmed that high circulating levels of Mir375 could induce enteric neuronal cell apoptosis, associated with lower number of neurons and delayed intestinal transit. We observed approximately a two-fold increase in apoptosis in the Mir375 injected mice compared to negative control. Finally, by systemic injection of Mir375 inhibitor to the mice fed a HFD for five weeks we prevented the development of detrimental effects of HFD on intestinal transit and enteric neurons number, providing direct evidence for the role of Mir375. Future studies will focus on dissecting the precise mechanisms of action of Mir375 on modulating ER stress and mitochondrial function. Due to the pro-survival nature of Mir375 and its overexpression in certain cancers, prior to its therapeutic use for gastrointestinal motility disorders further studies will need to be done to assess its role in cancer development.
In conclusion, our results suggest that HFD can induce apoptosis in enteric neurons through the effect of the FFA palmitate. Palmitate activates oxidative stress and ER stress in enteric neurons, leading to apoptosis and neuronal cell loss. We showed that exogenous systemic Mir375 could mimic the HFD induced GI dysmotility symptoms, while inhibition of Mir375 in HFD fed mice prevents the neuronal damage and development of the phenotype. Our results suggest Mir375 as a possible future therapeutic target for clinical GI dysmotility. 
